Shoot formation and regeneration rates of calli derived from immature embryos of three spring wheat varieties were investigated to evaluate the in¯uence on wheat regeneration of dierent concentrations of dicamba (0.5, 0.1 and 0.02 mg/l) in the regeneration medium. It was found that dicamba concentrations much lower (0.02 and 0.1 mg/l) than the levels reported previously (1 and 0.5 mg/l) induced signi®-cantly more shoots per callus in all three varieties, while the enhancement in regeneration rate was variety dependent. Overall, a dicamba concentration of 0.02 mg/l was more favourable for wheat regeneration.
Regeneration of cultured cells is essential for crop improvement through biotechnological approaches. The formation of regenerable callus in plants depends greatly on the genotype, tissue type, media regime and hormonal requirements. In general, callus derived from monocots (wheat, barley, maize, etc.) is more dicult to regenerate in vitro when compared with that from dicots. Wheat is considered the most important ®eld crop world-wide and has the largest harvested area and greatest crop production. Considerable progress was made in wheat tissue culture in the 1970s and 1980s (for review, see Scott et al. 1990 ). However, to improve the eciency of current wheat transformation systems and to enable transformation of cultivars important in wheat production, continuous eorts to improve wheat tissue culture, especially regeneration ability, are needed.
The plant growth regulator 2,4-dichlorophenoxyacetic acid (2,4-D), a synthetic auxin and a potent herbicide, is the one most widely used for wheat callus induction at a concentration of 1±2 mg/l. A much lower concentration of 2,4-D (0.1 mg/l or lower) was applied as the sole source of plant growth regulator in a regeneration medium to induce regeneration of cultured wheat cells (for review, see Scott et al. 1990) .
Dicamba (3,6-dichloro-o-anisic acid), another plant growth regulator and herbicide that shares similarities in structure and activity to 2,4-D, was also reported to induce wheat callus and regeneration. Dudits et al. (1975) were the ®rst to report the possible use of dicamba as a substitute for 2,4-D in an induction medium for cultured wheat cells. Later reports showed that dicamba can surpass 2,4-D in inducing callus. Papenfuss and Carman (1987) reported that dicamba regenerated greater numbers of wheat plants than 2,4-D when applied in the induction medium. They suggested that dicamba was metabolized more rapidly than 2,4-D in cultured cells, which caused an increase in shoot formation of wheat callus incubated in dicamba-containing medium. However, Redway et al. (1990) found no dierences between the two auxins with respect to callus formation. Carman et al. (1987) found that a higher molar concentration of dicamba (higher than 2,4-D) is required to induce callus formation and to prevent precocious explant germination. Dicamba was also successfully used at 1 mg/l to induce regeneration of wheat callus by Hunsinger and Schauz (1987) and at 0.5 mg/l by Weeks et al. (1993) . However, it is not clear whether the reported concentrations of dicamba are optimal for wheat regeneration. In the experiment reported here, the impact of various concentrations of dicamba on callus regeneration of three spring wheat varieties was tested and the results showed that a much lower concentration of dicamba (0.02 mg/l) is more favourable for wheat regeneration.
Plant materials: Seeds from three varieties of wheat, Triticum aestivum L.,`HiLine' (Lanning et al. 1992) ,`Bobwhite' (Weeks et al. 1993) and`Giza 163' (an Egyptian cultivar), were sown in pots in the greenhouse. The plants were grown in Aqua-Gro 2000 g soil (Aquatrols, Cherry Hill, NJ, USA) and received fertilizer (Peters Professional 20 : 20 : 20 GP, Scotts, OH, USA) to deliver 200 p.p.m. N at biweekly intervals. The greenhouse day and night temperatures were 25 + 2 C and 19 C, respectively. The plants were grown under a 16-h photoperiod with supplemental lights in winter to provide light intensity to 150 mmol/m 2 .s.
Tissue culture: Immature caryopses were collected approximately 2 weeks post anthesis, surface-sterilized with 20% bleach (5.25% sodium hypochlorite) and 0.1% Tween 20 for 30 min, and then washed ®ve times with sterile double-distilled H 2 O. Immature embryos were isolated and placed with the scutellum side up on a callus induction medium (Weeks et al. 1993 ) with 2,4-D as the auxin source (1.5 mg/l). Calli were maintained at 25 C in the dark and subcultured twice to a new medium at 2-week intervals. Six-week-old calli were transferred to the regeneration medium which contained the basal MS medium (Murashige and Skoog 1962), 3% sucrose, 2. .s). The number of shoots on each piece of callus and the number of regenerated calli were scored 4 weeks after transfer to the regeneration medium. Measurements were made under a dissecting microscope. A clearly differentiated structure with at least an extended leaf was scored as à shoot'. A piece of callus with at least a shoot was counted as a`regenerated callus'. A completely randomized design was used for the experiment. Twenty-®ve immature embryos were used for each concentration treatment of each variety in a replicate and there were four replicates for the experiment. ANOVA analysis and LSD tests were carried out among varieties and treatments using the SAS GLM procedure (SAS Institute, Cary, NC, USA).
The callus induction rate in this experiment was 100%. Shoot formation and callus regeneration were scored 4 weeks after the calli were transferred to the regeneration media containing various dicamba concentrations. The multiple comparison of the mean number of shoots per piece of callus are summarized in Table 1 . Statistical analysis indicated that dierent varieties responded slightly dierently to the treatments. Overall, in terms of treatment means across the varieties, the lowest concentration treatment (0.02 mg/l) induced signi®-cantly more shoots than the other two treatments. This was particularly true for`HiLine' and`Bobwhite'. In`Bobwhite', there were 11-fold more regenerated shoots from the medium containing 0.02 mg/l dicamba than from that with 0.5 mg/l. Iǹ Giza 163', the dierence between 0.02 mg/l and 0.1 mg/l was not signi®cant, but 0.1 mg/l was clearly better than 0.5 mg/l for improved shoot formation. Table 2 shows the mean number of regenerated calli at dierent concentrations of dicamba. The regeneration rate was signi®cantly improved at the lowest concentration of dicamba (0.02 mg/l) in one variety,`Bobwhite', but not in the other two. The treatment means across the varieties, 0.02 mg/l and 0.1 mg/ l showed signi®cantly higher regeneration rates. Statistical analysis indicated a signi®cant dierence in the interaction between variety and concentration (P 0.019). Regeneration of`Bobwhite' is strongly aected by dicamba concentration while the other two varieties were not as sensitive.
Previous observations on wheat regeneration on dicambacontaining medium (0.5 mg/l) indicated that although signs of dierentiation (e.g. leafy structures) can easily be seen within a few days of transfer to the regeneration medium, many of them did not continue to grow into shoots. It was suspected that the dicamba concentration might have been too high and further growth of leaves was inhibited by such a concentration of the synthetic auxin. This speculation has been con®rmed by the experiments reported here. The results obtained showed that lower concentrations of dicamba (0.02±0.1 mg/l), particularly 0.02 mg/l, substantially improved the shoot formation in all three varieties. It also improved regeneration rate in one variety,`Bobwhite', but not the other two, suggesting that other factors, such as genotype and callus induction medium, may play a more dominant role in callus regeneration. The situation resembles the application of 2,4-D to wheat regeneration medium, where 0.1 mg/l or even lower concentrations were found to be nearer the optimal. Although only a few papers have reported on the application of dicamba to wheat regeneration, we believe that dicamba at low concentration is a good alternative plant growth regulator for use in the regeneration medium of wheat and perhaps other cereal crops. 
